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ABSTRACT

VALIDATION OF 16 DEGREE ARCED LABYRINTH WEIR COEFFICIENTS

by

Megan Gordon Montgomery, Master of Science
Utah State University, 2018

Major Professor: Blake P. Tullis
Department: Civil and Environmental Engineering

Labyrinth weirs are frequently used to control flow in spillways. Arced labyrinth weirs have
been developed and researched in an effort to pass additional flow. Arced labyrinth weirs are
more efficient than labyrinth weirs due to their increased length and improved approach flow
conditions. In the past research has been done to develop discharge coefficients, Cd, values for
arced labyrinth weirs with varying sidewalls angles (a=6°, 12°, and 20°). The Cd data that has
been developed can only be used for those specific geometries tested. The purpose of this study
was to develop Cd data for an arced labyrinth weir with a sidewall angle of 16 degrees. Baseline
Cd values for a 16-degree arced labyrinth weir with a cycle arc angle of 10 degrees were
developed. However, due to uncertainties in the data, further research should be done before
these Cd values are used in design.
(25 pages)
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INTRODUCTION

Weirs are frequently used to control flow in spillways. Arced labyrinth weirs are
linear weirs that have been folded in plan-view and then curved. The flow capacity of
weirs are largely governed by approach flow conditions, crest shape, and the length of the
weir (Crookston 2012). Arced labyrinth weirs are more efficient than labyrinth weirs due
to the increased length and improved approach flow conditions (Crookston 2012). Arced
labyrinth weirs are typically used in reservoirs.
Nathan Christensen (2012) and Brian Crookston (2010, 2012) have investigated
the hydraulic efficiency of labyrinth weirs. Christensen and Crookston developed
discharge coefficients, Cd, for a range of Ht/P, total head divided by weir height. The Cd
data quantified by Christensen and Crookston are only applicable to the arced labyrinth
weir geometries tested. Ht was calculated by measuring the piezometric head and then
adding the calculated velocity head. Christensen used the flow and weir width, W, to
calculate an average velocity head supplied to the entire weir. Crookston used a velocity
probe and a one-foot grid to calculate and average velocity head.
This study is an extension of the research done by Rhen Thurgood (2014) to
investigate the Cd values for arced labyrinth weirs with a sidewall angle (a) of 16°.
Thurgood collected data on the Isabella Dam Model, which was a 12-cycle arced
labyrinth weir with a=16° and cycle arc angle (q) of 10°. Both Christensen and
Crookston used ideal approach flow conditions (180° flow convergence and a horizontal
reservoir floor, see Figure 1). The Isabella Dam Model featured an upstream reservoir
with simulated reservoir topography (see Figure 2).
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For these studies, the standard form of the weir equation was used to determine
Cd values, see Equation [1].
%

𝑄 = 𝐶$ & 𝐿( 𝐻* &/% ,2𝑔

[1]

Where Q is flow in cubic feet per second, Cd is the dimensionless discharge coefficient,
Lc is the centerline crest length in feet, Ht is the total head in feet, and g is the
gravitational constant (32.17 feet per second squared).

Figure 1. Christensen (2012) Arced Labyrinth Weir with Ideal Approach Flow

Figure 2. Thurgood (2014) Isabella Dam Model with Simulated Reservoir
Topography
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LITERATURE REVIEW

For consistency with research done by Christensen (2012), Crookston (2010), and
Thurgood (2014), arced labyrinth weir nomenclature and geometric parameters presented
by Crookston (2010) are used in this report (see Figure 3).

Figure 3. Thurgood (2014) Arced Labyrinth Weir Nomenclature

The arced labyrinth weir geometric parameters/nomenclature used in this report
are:
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Q Discharge
α Sidewall angle
α’ Upstream sidewall angle, α’ = α + θ/2
lc Centerline length of the sidewall
tw Wall thickness at crest
W Downstream channel width
w’ Cycle arc width, w’ = W’/N
R Arced radius, R = (W2/4 + r’2)1/2
r’ Segment height from channel opening to perpendicular downstream
apex
r Segment height from channel opening to center of imaginary arc
circle
Θ Central arc angle, Θ = W’/R
θ Cycle arc angle, θ = Θ/N
Ht Upstream total head, measured relative to the crest of the weir
P Height of the weir

Crookston (2010) tested labyrinth weirs with a=6° and a=12° for q=10°, 20°, and
30°. Christensen (2012) retested the a=12° for q=10° and 20° and evaluated labyrinth
weirs with a=20° for q=10°, 20°, and 30°. The headwater ratio, Ht/P is a dimensionless
variable that is commonly used to plot the hydraulic performance of a weir (Crookston
2010). Crookston tested 0.05 £ Ht/P £ 0.7. Christensen tested 0.1 £ Ht/P £ 0.9. Figures 4
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and 5 show the Cd values from Crookston (2010) and Christensen (2012), respectively,
as a function of a, q, and the number of cycles. Christensen and Crookston both used
weirs constructed from HDPE with a height of 8 inches and a wall thickness of 1.0
inches. The models had ideal approach flow conditions.

Figure 4. Crookston (2010) Discharge Coefficient (Cd) vs. Headwater Ratio (Ht/P)
for a= 12° Half-Round Trapezoidal Labyrinth Weirs
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Figure 5. Christensen (2012) Discharge Coefficient (Cd) vs. Headwater Ratio (Ht/P)

Crookston and Christensen created curve fits for their data that resulted in the
following equations (Equation [2] and Equation [3], respectively). The corresponding
coefficients (A, B, C, and D) are summarized in Tables 1, 2, and 3.

𝐶$ = 𝐴
𝐶$ =

𝐻1&
𝐻1%
𝐻1
+ 𝐵
+𝐶 +𝐷
𝑃
𝑃
𝑃
1
%

𝐻
𝐴 9: 𝑃* ; + 𝐵< + 𝐶

+ 𝐷 ln ?

[2]
𝐻*
@
𝑃

[3]

7
Table 1. Crookston (2010) Trend Line Coefficients Valid for 0.05 £ Ht/P £ 0.2

Table 2. Crookston (2010) Trend Line Coefficients Valid for 0.2 £ Ht/P £ 0.7
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Table 3.Christensen (2012) Trend Line Coefficients Valid for 0.1 £ Ht/P £ 0.9

The Isabella Dam Model used by Thurgood (2014) was made of aluminum and
had a weir height of 7.5 inches and a wall thickness of 0.5 inches. Thurgood tested the
Isabella Dam Model and determined Cd values for Ht/P from 0.1 to 0.3 (see Figure 6).
The Isabella Dam Model featured an upstream reservoir with simulated reservoir
topography, non-ideal approach flow conditions.

Figure 6. Cd data for Isabella Dam Model
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Research Objectives

This study has one objective that is summarized below. For this study, a 5-cycle
arced labyrinth weir, comparable to the Isabella Dam Model (Thurgood 2014), was
constructed and tested.
1. Develop baseline Cd values for an a=16°, q=10° arced labyrinth weir.
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EXPERIMENTAL SETUP AND PROCEDURE

All testing was done at the Utah Water Research Laboratory (UWRL) at Utah
State University in Logan, UT. A 5-cycle, a=16°, q=10° arced labyrinth weir was
constructed in an elevated steel headbox (Figure 7). The headbox was 22 feet by 24 feet.
Water was supplied to the headbox through either a 6-inch or 20-inch pipeline. Discharge
(Q) was measured with a magnetic flow meter (±0.2%). The upstream piezometric head
was measured using a stilling well, connected to the bottom of the head box, and a point
gage (readable to ±0.001 feet, Figure 8). The crest reference, or relationship between the
crest of the model weir and the point gage, was measured using a level. The level was
also used to take 15 points along the weir crest to ensure the crest was level.

Figure 7. Elevated Head Box
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Figure 8. Stilling Well with Point Gage
The arced labyrinth weir was constructed with aluminum pieces from the Isabella
Dam Model. The weir was 7.5 inches tall (P), had a thickness (tw) of 0.5 inches, a width
(W) of 102.3 inches, and a centerline length (lc) of 349.7 of inches. The base of the weir
was 3.53 inches above the floor of the headbox and had a 48-inch ramp leading to the
weir (Figure 9).

Figure 9. Elevated Weir with Ramp
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The head box was filled with water and the flow was allowed to stabilize for 30
minutes before any measurements were taken. After the flow stabilized, measurements
were taken every five minutes for the same flow until the measured flow rate and stand
pipe elevations did not change. Various data points were selected, and the measurements
were repeated to ensure the data is accurate. In addition, measurements were repeated for
the same flow in the 6-inch and 20-inch pipelines. The majority of the time data was
being taken, a pump upstream of the head box was in use. Data points were repeated
when the pump was off to ensure the validity of the data.
As the data points were collected, Equation [4]:
%

𝑄 = 𝐶$ & 𝐿( 𝐻&/% ,2𝑔

[4],

where H is the piezometric head, were used to calculate the Cd values for the measured
centerline crest length, flow, and piezometric head data.
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RESULTS

The model tested produced the data shown in dark blue circles on Figure 10. H/P
values were calculated from the measurements taken in the stilling well. The Cd values
were calculated from Equation 4 and were compared to the previous data collected by
Christensen and Thurgood (Figure 10). It was anticipated that the data collected from the
a=16° weir would fall in between the data from Christensen for weirs with a=12° and
20° for q=10°, as is typical of linear labyrinth weirs. At a lower H/P, the data did not fall
where it was expected. As the H/P increased, the data fell as was expected. It is important
to note that there is some uncertainty in the Isabella Model Data collected by Thurgood.
Due to this uncertainty, the inconsistencies between Thurgood’s data and the data
collected was not considered. Figure 11 shows a rating curve for the data collected in this
project.

Figure 10. Comparison of Rating Curves

14

Experimental Discharge Data
0.8
0.7
0.6

Cd

0.5
0.4
0.3
0.2
0.1
0
0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

H/P

Figure 11. Rating Curve
Since the data did not fall where it was anticipated to, several sources of error
were investigated. The crest reference was checked and found to be off by 0.004 ft, the
data has since been adjusted appropriately. The crest reference was then verified and
found to be similar to the second reading.
The point gage is mounted high on the wall and accurate readings were difficult to
obtain at times. At low heads, any small change in reading of the point gage caused a
drastic change in the calculated Cd values. Difficulty in obtaining accurate points could
account for the scatter seen at low heads.
The equations used to calculate flow and calibration data for the magnetic meters
(mag meters) were verified. In addition, the data was checked to make sure the flow
measurements were all taken within the operating bounds of the mag meters. The mag
meters are meant to be used in straight pipelines; however, the mag meters used for this
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model are downstream of an elbow. The mag meters have been installed far enough
downstream from the elbow to satisfy the manufactures recommendations, but there
could still be uncertainty in the data.
Another consideration was the pump that was in use upstream of the headbox.
Data points were repeated, see light blue circles on Figure 10, to ascertain if the pump
was influencing the data. Since the data points follow the curve, it was determined that
the pump was not influencing the data.
The differences between the models tested for the a=16° and a=12° and 20°
could also be influencing the relationship between the rating curves. The a=12° and 20°
models tested by Christensen were made of HDPE and had a horizontal reservoir floor.
The a=16° weir was made of aluminum, had an elevated weir base with a ramp, was half
as thick as the other models, and half an inch shorter. More research would need to be
done to determine if these factors influence arced labyrinth weir behavior.
In addition, it is important to mention that H was used instead of Ht due to the
experimental setup. However, in reservoir applications, the velocity head is typically
considered to be insignificant. This suggests that H might be a more appropriate
parameter to use when calculating Cd, as opposed to Ht. In this project setup, water
entered the rectangular reservoir on three sides. Consequently, there is no location or
cross section in the model where all the flow passes through and thus not allowing for the
velocity head could be measured using the principle of continuity (Q=V*A). Christensen
assumed velocity head at the pressure tap was negligible and calculated velocity head by
measuring the flow passing over the weir, the width, W, of the weir, and the height of
flow measured from the pressure tap and point gage. Christensen used a very similar
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experimental setup and the data set collected by Christensen has small errors due to
incorrect assumptions regarding the velocity. Further investigation into a method to
accurately account for velocity head may be warranted in future investigations.
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CONCLUSION & RECOMMENDATIONS

The purpose of this report was to outline the method used to determine baseline
Cd values for an arced labyrinth weir with a sidewall angle (a) of 16° and a cycle arc
angle (q) of 10°. The Cd values were calculated using a form of the weir equation,
Equation 4, and piezometric head, flow, and centerline crest length measurements. Cd
data were collected for H/P from 0.05 to 0.8.
Initially, the data did not compare well to the data collected by Christensen for
weirs with a=12° and 20° and q=10°. It was anticipated that the data collected would fall
between the data from the a=12° and 20° weirs; however, the data did not fall in that
range for all H/P data. The data also did not compare well to that collected by Thurgood
on the Isabella Dam Model, which had 12-cycles, a=16°, and q=10°. Due to the
uncertainty from Thurgood’s data, this inconsistency was not considered.
Further research on arced labyrinth weirs is recommended. Additional labyrinth
weirs with a=16° should be tested to verify the baseline coefficients calculated in this
project. Researching additional arced labyrinth weirs with varying geometries could be
useful for designing arced labyrinth weirs. In addition, research into how to accurately
account for velocity head may be warranted in future studies.
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